Eleven generations of selection for increased index of ovulation rate and embryonal survival rate, followed by three generations of selection for litter size, were practiced. Laparotomy was used to count corpora lutea and fetuses at 50 d of gestation. High-indexing gilts, approximately 30%, were farrowed. Sons of dams in the upper 10% of the distribution were selected. Selection from Generations 12 to 14 was for increased number of fully formed pigs; replacements were from the largest 25% of the litters.
Introduction
Litter size in swine is an important component of production efficiency. Industry selection practices in recent years have improved percentage of carcass lean and growth rate more than reproductive traits. Economic value of reproductive traits relative to growth and backfat is expected to increase in the future (Schinckel et al., 1998) .
Direct selection for increased litter size in pigs was unsuccessful in one experiment (Ollivier, 1982) but was effective in a line previously selected for increased ovulation rate (Lamberson et al., 1991) . Research with mice (Bradford, 1969; Land and Falconer, 1969) and swine (Cunningham et al., 1979; Lamberson et al., 1991) demonstrated that ovulation rate responded to selection, but correlated responses in litter size were small. However, Bradford (1969) selected for prenatal survival in mice and litter size increased significantly. Johnson et al. (1984) constructed a selection index of ovulation rate and embryonal survival to maximize expected increase in litter size. Utilization of laparotomy at 50 d of gestation to count corpora lutea and fetuses was proposed to increase selection intensity and to place optimum weight on component traits. Neal et al. (1989) reported responses after five generations of selection. Six additional generations of index selection and three generations of litter size selection were practiced. The objectives of the research reported here were 1 ) to estimate total responses in litter size and its components and in number and weight of pigs weaned and 2 ) to estimate genetic and phenotypic parameters of traits in the index with the other traits.
Materials and Methods
Population. The population was a composite of Large White and Landrace. Founder animals included 10 Landrace and 11 Large White boars and 14 11  667  371  53  39  20  15  --60  47  57  45  12  674  467  60  47  15  17  --47  41  47  41  13  648  400  47  41  14  16  --79  47  75  45  14  1,049  412  79  47  15  16  --97  43  87  40  15  1,302  416  97  43  18  14  ------Total  9,983  6,434  877  718  301  264  1,613  269  831 427 (245)  801  648 Landrace and 40 Large White females, which were reciprocally mated to produce 54 crossbred litters. One boar from each F 1 half-sib family and one gilt per litter were randomly selected and mated, avoiding full-and half-sib matings, to produce 42 F 2 generation litters. Three littermate boars from each half-sib F 2 family were selected randomly and assigned to either a control line ( Line C) , an index selection line ( Line I) , or a testis size selection line ( Line TS) . Gilts within each F 2 litter were assigned randomly to one of these lines. The selected F 2 pigs were mated randomly to produce the F 3 generation. Selection began from the F 3 progeny.
Selection Criteria. Line C was a randomly selected control with restriction based on pedigree as described below. Line I was selected for increased index of ovulation rate and embryonal survival to 50 d of gestation. Selection criteria and responses in Line TS were previously reported (Johnson et al., 1994) . In Line I selection was practiced over 10 generations for increased index followed by one generation of random selection of gilts, although sires of Generation 11 females were selected as described below. Then three generations of selection for increased number of fully formed pigs at birth (Generations 12 to 14) was practiced. The index included number of corpora lutea ( OR) and embryonal survival ( ES) , measured as the ratio of fetuses ( F) to OR (ES = F/OR) at 50 d of gestation. The index used from Generations 0 to 5 ( I 1 ) was as follows: I 1 = 10.6 × OR + 72.6 × ES.
The index was constructed to maximize expected change in litter size at birth (Johnson et al., 1984) . Coefficients were calculated using traditional selection index methods with economic weight for each trait being the estimated population mean for the other trait (Smith, 1967) . Because of the increase in OR after five generations (Neal et al., 1989) , a revised index ( I 2 ) was used from Generations 6 through 11. This index was I 2 = 9.9 × OR + 148.6 × ES.
Selection Procedures. Total number of pigs born each generation, number of litters, and number of sires are presented in Table 1 . All surviving Line I gilts were mated if they expressed estrus during the breeding period. Laparotomy was performed on pregnant gilts at 50 d of gestation to expose uteri and ovaries. Number of corpora lutea and fetuses were counted. The index was calculated and the highest-ranking gilts (45 to 55 per generation) were selected. The remainder were culled before parturition.
Two sons of each of the 15 dams with greatest index values were selected. One boar from each litter and two from the five highest-indexing dams were designated as breeders (20 in total); the remaining boars were alternates and used only if primary boars died or failed to breed.
Approximately 30 boars and 55 gilts in Line C were selected. One gilt was selected randomly from every litter that had at least one gilt, and one additional gilt was selected from randomly chosen litters to make a sample of 55 gilts. Two boars were selected from each paternal half-sib family; one was designated as a breeder, the other as an alternate.
Laparotomies were not performed in Line C gilts that farrowed in Generation 0. The base generation mean for line I was considered to represent both lines. In Generations 5 and 10, laparotomies were performed in all Line C gilts to increase numbers for estimating responses in OR and F. Laparotomies were performed in one-half of Line C gilts in other generations to estimate effects of laparotomy on fetal survival past 50 d of gestation and on litter size at birth.
Line I gilts in Generation 0 that farrowed were a selected sample because they ranked highest for index. Therefore, litter size data for the F 2 gilts (Generation −1 ) were included in analyses as base generation means to improve precision of estimating responses.
Matings were random with the exception that fulland half-sib matings were avoided. There were 36 to 43 Line C litters and 42 to 53 Line I litters per generation from Generations −1 to 10.
Index selection was terminated after 10 generations, but Line I gilts in Generation 10 that farrowed were a selected sample. A random sample of their progeny, gilts from Generation 11, were mated and farrowed to estimate selection response in litter size in unselected gilts in which laparotomy had not been performed. However, their sires were selected on the index; therefore, total index selection applied was calculated through Generation 11. There were 53 Line I litters in Generation 11.
Selection for Generations 12 to 14 in Line I was based on number of fully formed pigs in the litter in which pigs were born. Two boars, a primary breeder and an alternate, were selected from each of the 15 largest litters. Gilts from the largest litters were selected until the desired number was attained. Number of litters in Line I was increased at Generation 13. There were 47, 79, and 97 Line I litters by dams from Generations 12, 13, and 14, respectively. These dams were selected from 15, 22, and 28 litters, respectively.
Management of Pigs.
Pigs were in confinement buildings throughout their lives. Neonatal pigs were transferred among litters both within and across lines within 2 d after birth. The objective was to give each sow between 8 and 11 pigs to nurse, which was accomplished for 73% of litters; 12% of the sows had fewer than 8 pigs after transfer, and 15% had more than 11.
Weaning was at 28 d of age through Generation 11 and at approximately 12 d of age for Generations 12 through 14. Pigs were moved to nursery rooms at weaning, where they stayed to approximately 56 d of age when selections were made. Selected pigs were moved to naturally ventilated buildings with 10 pigs per pen. Boars and gilts were in separate buildings.
Estrus detection in gilts began on the day the oldest pig in each pen reached 130 d of age. Each pen of gilts was moved daily to an adjacent building and given 15 to 20 min of boar exposure. Day of puberty was recorded for each gilt when it showed the immobile response to a boar.
Generation interval was 1 yr. Gilts averaged approximately 250 d of age when mated. The breeding period was approximately 5 to 6 wk. A gilt in first or second estrus was not mated if she would be in estrus at a later date in the breeding season. The objective was to mate gilts at their third or later estrus, although younger gilts and those that were old at puberty were mated at their second and, in a few cases, at their pubertal estrus. A total of 2,634 gilts had data at 50 d of gestation and(or) at farrowing. Of this total, 33 gilts were mated at their pubertal estrus and 58 at their second estrus. No adjustment for estrus number at conception was made because so few gilts were mated at their first or second estrus. Also, selections were made without regard for estrus number or age of gilt. Therefore, the analysis produces estimates of responses appropriate for the procedures used. Gilts were mated each day they were in estrus and placed in stalls for the gestation period.
Laparotomies were performed weekly. The range in day of gestation when laparotomy was performed was 47 to 54, but 90% of the gilts were evaluated at 49, 50, or 51 d of gestation. No adjustment for day of gestation at time of laparotomy was made.
Gilts were kept in recovery rooms for 2 d after laparotomy and then returned to stalls. Feed was withheld for at least 12 h before laparotomy, but gilts had continuous access to water. They were given approximately 1 kg of feed the morning of the day after surgery and again the next day. Within 2 or 3 d, most gilts were consuming the daily allotment of the gestation diet.
Corn-soybean meal diets were used. Percentage CP in the diets was 21% in nursery diets to pig weights of approximately 12 kg and 18.2% to 56 d of age. Diets were formulated to contain 16% CP for pigs from 56 d of age to approximately 55 kg BW and 14% from 55 kg BW to mating age. Diets fed during the gestation period had 11.5% CP, and diets fed during lactation had 13.2% CP. The ME in diets ranged from 3,475 kcal/kg for nursery diets to 3,180 kcal/kg for gestation diets.
Pigs were provided ad libitum access to feed until they were approximately 180 d of age (gilts) or 160 d of age (boars). Thereafter until mating, they were given approximately 2.3 kg of feed per day. Gilts were given 2.1 kg of feed per day during the gestation period, except this amount was increased to 2.5 kg during the last 14 d of gestation. Sows had ad libitum access to feed during the lactation period.
Traits Measured. Number of corpora lutea and number of fetuses were counted at 50 d of gestation. Embryonal survival and index were calculated from these values. Number of fully formed pigs, number of live pigs, number of stillborn pigs, number of mummified pigs, and weight of all fully formed pigs at birth were recorded. Nurse dam for all pigs transferred to another litter was recorded. Each pig was weighed when weaned.
Traits included in the analyses were OR, F, ES, I 1 , I 2 , total born per litter ( TB) , number born alive per litter ( NBA) , number of stillborn pigs per litter ( SB) , number of mummified pigs per litter ( MUM) , total weight of fully formed pigs at birth per litter ( LBW) , number of pigs weaned ( NW) , and total weight of pigs weaned by each sow ( WW) . All records were considered a trait of the gilt.
Data Analyses. Data were first fitted to general linear models (SAS, 1996) to calculate the mean and standard deviation for each line-generation subclass. Models for traits at 50 d of gestation included line, generation, and their interaction. The effect of laparotomy treatment was added to this model for litter birth traits. The model for NW and WW included line, generation, their interaction, the linear and quadratic effects of number of pigs after crossfostering, and the linear effect of weaning age. Number weaned per litter and litter weaning weight for sows given an opportunity to nurse pigs and that subsequently lost the entire litter were recorded as 0. Sows with all pigs fostered to other sows within 2 d after birth were excluded from analyses of weaning traits.
Selection differentials for indexes, ovulation rate, embryonal survival rate, and fetuses at 50 d of gestation for each gilt were calculated by deviating its record from the line-generation mean. Selection differentials for I 1 were calculated for gilts selected from Generations 0 through 4, and I 2 selection differentials were calculated for gilts selected from Generations 5 through 10. Cumulative selection differentials for gilts were calculated as the average cumulative selection differential of parents plus the gilt's selection differential. Cumulative selection differentials for boars were calculated by averaging the cumulative selection differentials of the boar's parents. Therefore, index cumulative selection differentials accumulate the selection applied for I 1 and I 2 . Selection applied was described by calculating the average cumulative selection differential of the sires and dams of the gilts evaluated each generation and averaging these values for each line-generation subclass. Selection differentials for control gilts not evaluated at 50 d of gestation were set to 0 for calculation of cumulative selection differentials.
Genetic parameters and genetic responses were estimated with an animal model, using the MTDFREML programs described by Boldman et al. (1995) . All known pedigree relationships back to the sample of purebreds were included. Each trait was analyzed with a single-trait model to obtain initial estimates of variance components. Models included direct animal genetic effect, common environmental effect of litter of birth, and fixed effects of generation and laparotomy treatment (included only for birth traits). Linear and quadratic covariates for number of pigs after cross-fostering and linear covariates for weaning age were included for NW and WW. Variance components due to gilt's litter of birth were less than 1% of the phenotypic variation for all traits except ovulation rate, number of fetuses, and embryonal survival rate. Litter effects were included in subsequent analyses of these traits but were deleted from models for all other traits.
Then, two-and three-trait analyses were performed to obtain initial estimates of covariance components. Final models included two, three, four, or five traits, depending on the combination of traits. The convergence criterion, the variance of the likelihood values in the simplex, in all analyses was 1.0 × 10 −9 . Convergence at this value in all analyses was attained. Solutions for fixed effects and estimated breeding values were obtained when convergence was attained. Estimating responses in traits directly selected for and correlated responses in litter size traits at birth were main objectives. Because selection was for OR and ES, these traits should be included in each analysis. Convergence was attained for all three-trait models including OR, ES, and one other trait, but not for fourtrait models. Convergence was attained when OR and F were fitted in four-and five-trait models. Therefore, OR and F were fitted in four-and five-trait models to estimate responses in TB, NBA, SB, and MUM, and in three-trait models with LBW, NW, and WW. Only 28-d litter weaning weights were included in these analyses. Combinations of traits analyzed together were as follows:
1. OR, ES, and F, 2. OR, F, TB, and NBA, 3. OR, F, NBA, SB, and MUM (variance/covariance components for OR, F, and NBA were fixed at solutions for combination 2), 4. OR, F, and LBW, 5. OR, F, and NW, 6. OR, F, and WW, 7. I 1 and I 2 , and 8. OR and ES in three-trait models with TB, NBA, SB, MUM, LBW, NW, and WW.
The general form of the models was y = Xb + Wt + Zm + e, where y is the vector of observations for the combination of traits in a specific analysis, b, t, m, and e are vectors of fixed, litter, animal direct genetic, and residual effects, and X, W, and Z are known design matrices. Expectations and variances of random variables are as follows:
where ⊗ denotes a direct product operation, , , D 0 G 0 and are common-environmental (litter of birth), R 0 additive genetic, and residual covariance matrices, with order equal to the number of traits in the analysis, A is the numerator relationship matrix, and I is an identity matrix of appropriate order.
Variances, heritabilities, genetic correlations, and estimates of breeding values from the model with the greatest number of traits in which each trait was included are reported. For example, parameter estimates for OR, F, TB, and NBA are those from traits in combination 2, and those for LBW, NW, WW are from combinations 4, 5, and 6, respectively.
Responses to selection were estimated with orthogonal contrasts among the estimated breeding values ( m ) . Contrasts were generated in final, multiple-trait models that contained OR, F, and other traits as described above. A vector of coefficients ( k) was generated and entered into MTDFREML to produce linear contrasts of the m . The contrasts were the linear regression of m on generation for Line I, Line C, and Line I − Line C. Coefficients in k for traits at 50 d of gestation were obtained by dividing each respective value in the vector of orthogonal coefficients, c′ = [−5, −4, −3, −2, −1, 0, 1, 2, 3, 4, and 5], by the number of observations in the respective line-generation mean. Each contrast was of breeding value estimates for gilts with data at 50 d of gestation in Line I and gilts with either data at 50 d of gestation or gilts with a farrowing record in Line C.
The vector of orthogonal coefficients for traits at birth and weaning was c′ = −7.5, −6.5, −5.5, −4.5, −3.5, −2.5, −1.5, −.5, .5, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5, and 7.5 divided by the number of observations per linegeneration. The contrast was of estimated breeding values of Line I gilts with data at 50 d of gestation from Generation 0 to 10 and Line I gilts with a farrowing record for other generations, including Generation −1. Line C gilts with either 50-d gestation records or farrowing records were included in contrasts.
Regression coefficients were calculated as k'm /c'c. The results are coefficients equal to regressions of line means on generation number. The variance of k'm was calculated in MTDFREML as V (k'm ) = k'L 22 k, where L 22 is the animal-by-animal part of the inverse of the coefficient matrix from the mixed-model equations at convergence for the variance components. Standard errors of regression coefficients were calculated from [V(k'm )] .5 /c'c. Significance of regressions was determined with a t-test with degrees of freedom equal to g-2, equivalent to degrees of freedom in test of regression of g means on generation number, where g is the number of generations in the contrast.
Responses during each phase of the experiment were estimated with contrasts of m . With the same procedure as described above, coefficients were generated to compare estimated breeding values of the last minus the first generation in a phase. Coefficients were weighted by 1/n ij , where n ij is the number of observations (as described above) in the generationline mean. Contrasts compared Generation 5 with Generation 0, Generation 11 with Generation 5, and Generation 14 with Generation 11. Contrasts were made for both lines and for the difference between lines. Standard errors of contrasts were obtained directly from MTDFREML analyses. Significance of differences between means was determined using a ttest. Degrees of freedom were g-2, where g is the number of generations from the first to the last one in the contrast (i.e., 4 df for contrast of Generation 5 with Generation 0, 5 df for contrast of Generation 11 with Generation 5, and 2 df for contrast of Generation 14 with Generation 11).
Inbreeding coefficients were calculated using MTDFREML analyses. They were averaged by linegeneration for all pigs, those with records at 50 d of gestation, and those with records at birth to determine whether there was a tendency to select pigs with less inbreeding than average. Phenotypic records or estimated breeding values were not adjusted for inbreeding.
Results

Phenotypic Means and Standard Deviations. Line by
generation means and pooled within-generation standard deviations are given in Tables 2 through 4 . Means of lines for traits at 50 d of gestation (Table 2 ) and litter traits at birth (Table 3 ) began to diverge early in the experiment and continued to diverge at a steady rate. Means in Line C were relatively stable, with most divergence caused by changes in Line I. Embryonal survival in Line I decreased with increasing ovulation rate. Greater numbers of stillborn and mummified pigs at birth in Line I accompanied the increases in ovulation rate, number of fetuses, and number of pigs per litter. Line differences in number of mummified pigs were greatest during the period of index selection. Some of this difference was due to the laparotomy procedure, because Line C gilts with laparotomy averaged .44 ± .12 more mummified pigs than gilts without laparotomy. Laparotomy in Line C gilts also reduced number of fully formed pigs (.97 ± .26) and number born alive (.81 ± .26). Laparotomy did not significantly affect number of stillborn pigs. Laparotomy caused fetal mortality even beyond losses documented by mummies because number of fetuses was less than the sum of total born plus mummies.
Mean number weaned was similar for Lines I and C in early generations, but Line C consistently weaned more pigs from Generations 6 to 14. Mean litter weaning weight was similar for both lines throughout the experiment (Table 4) .
With the exception of ovulation rate, standard deviations were similar for both lines. Standard deviations of ovulation rate in Line I ranged from 2.6 to 3.6 during Generations 0 to 5, and from 4.4 to 8.8 during Generations 6 to 10. Standard deviations of ovulation rate in Line C ranged from 2.0 to 4.2. Pooled within-generation standard deviations of ovulation rate were 5.44 in Line I and 2.63 in Line C ( Table 2) . The increase in variation in ovulation rate in Line I was caused by an increase in the incidence of gilts with very high ovulation rates. During Generations 0 to 5, seven gilts had more than 24 corpora lutea; the maximum value was 44. Number of gilts with more than 24 corpora lutea from Generations 6 to 10 was 7, 11, 24, 16, and 24, respectively. Maximum counts within generation ranged from 48 to 79 corpora lutea, and means for these gilts with OR > 24 ranged from 33.1 in Generation 6 to 37.7 in Generation 9. Only two Line C gilts had more than 24 corpora lutea; each had 28 corpora lutea. The increased variation in OR increased variation in indexes as the experiment progressed but did not affect variation in number of fetuses or embryonal survival rate (Table 2) . Within-generation standard deviations of number of fetuses ranged from 2.5 to 3.3 Table 4 . Average number weaned (NW) and total weight weaned (WW), adjusted for number of pigs given sows to nurse and weaning age, by generation 76, 10.4, 9.66, 9.27, 8.94, 9.48, 9.27, 9.88, 10.14, 9.12, 9.44, 10.02, 9.61, 10.21, 10.15, and 10 .91 for Generations −1 through 14, respectively. Mean weaning age was 27.6 d for Generations −1 through 11 and 12.0 d for Generations 12 through 14, respectively.
c Pooled within-generation-line standard deviation. in Line I and from 2.0 to 3.1 in Line C. Withingeneration standard deviations of embryonal survival ranged from .16 to .20 in Line I and .16 to .45 in Line C. The large value in Line C in one generation was due mostly to one gilt with four observable corpora lutea but with 11 fetuses. A total of 20 gilts had more fetuses than distinguishable corpora lutea. In all cases, except for the one large discrepancy noted, there were either one or two more fetuses than corpora lutea. Standard deviations of litter size at birth in Line I tended to increase as the experiment progressed. The pooled within-generation standard deviation of total born per litter was 2.8, 3.3, and 3.5 during Generations 0 to 5, 6 to 10, and 11 to 14, respectively. It was 2.98 across generations. The standard deviation in Line C was 2.6 and was slightly greater in gilts without laparotomy (Table 3) .
Standard deviations of other traits were similar across lines with the exception that standard deviation of number of mummified pigs tended to be greater for the Line I and Line C gilts with laparotomy than for Line C gilts without laparotomy.
Inbreeding. Inbreeding coefficients of gilts that farrowed averaged .12 in Line I at Generation 10 and .17 at Generation 14 (Table 5 ). The range at Generation 14 was from .13 to .27. Coefficients were .09 in Line C at Generation 10 and .11 at Generation 14. Inbreeding coefficients for all pigs, those with laparotomy at 50 d of gestation and those selected to farrow, differed by less than 1% within generation. There was no apparent selection of gilts with lower than average inbreeding coefficients.
Selection Applied. The cumulative selection differential for index in Line I was 96.6 points at Generation 5 and 263.9 points at Generation 11 (Table 6 ). The cumulative selection differential at Generation 5 was 9.0 corpora lutea, 6.9 fetuses, and .02 for embryonal survival rate. Selection differentials were greater from Generations 6 to 11, accumulating to 25.2 corpora lutea, 15.6 fetuses, and .06 for embryonal survival rate. Selection differentials for ovulation rate were negative but were positive for fetuses, embryonal survival rate, and indexes in Line C.
Genetic Parameters. The REML estimates of phenotypic variances and heritabilities are given in Table 7 . Heritabilities presented are from multiple-trait models, but estimates were quite consistent regardless of the number of traits in the model. For example, heritability of ovulation rate was .24 when estimated with a four-trait model including number of fetuses, total number born, and number born alive per litter. The estimate was .25 when ovulation rate was analyzed alone and .23 when ovulation rate, number of fetuses, and embryonal survival rate were analyzed together. Heritability estimates for embryonal survival rate varied most depending on the number of traits in the analysis. The estimate was .11 in a single-trait analysis, .06 when included with ovulation rate, and .14 when included with ovulation rate and number of fetuses at 50 d of gestation. Estimates of heritability of embryonal survival ranged from .07 to .09 when included with ovulation rate and either total born, number born alive, litter birth weight, number weaned, or litter weaning weight. Heritability estimates of other traits were similar from single-trait and multiple-trait models.
There was considerable genetic variation for all traits, including number of stillborn and mummified pigs per litter. The range in heritability estimates was from .08 for number weaned per litter to .32 for litter birth weight. Common litter environmental effects accounted for 6% of the phenotypic variation in OR, 1% of the variation in number of fetuses and embryonal survival rate, and less than 1% of the variation for all other traits.
The estimated genetic correlation between OR and embryonal survival rate was −.86 (Table 8) . Genetic correlations of OR with number of fetuses, fully formed, stillborn, and mummified pigs were between .24 and .44. Ovulation rate was not correlated with number born alive and was negatively correlated with number weaned and litter weaning weight. Number of fetuses at 50 d of gestation had a positive genetic correlation with all traits except number weaned. Number of fetuses was most highly correlated with number of fully formed pigs but was also highly correlated with number of live and stillborn pigs. Embryonal survival was most highly correlated with number of fetuses and number per litter at birth, but it was not correlated with number of stillborn and mummified pigs. Phenotypic correlations of OR and number of fetuses with other traits were somewhat less than genetic correlations, whereas phenotypic correlations of embryonal survival with other traits were similar to genetic correlations.
Regressions on Generations. Regressions of esti-
mated breeding values on generation number are given in Table 9 . Line C regressions were not significant for any trait, whereas all Line I regressions were significant, except number of mummified pigs per litter ( P < .1) and total weaning weight ( P > .1). All responses in Line I expressed as a deviation from Line C were significant ( P < .05) except number of mummified pigs per litter, litter birth weight, and total weaning weight. Estimated breeding values for indexes in Line I relative to Line C increased linearly at the rate of 6.2 ± 1.0 (Index 1 ) and 5.1 ± .8 (Index 2 ) points per generation. This increase comprised an increase of .67 ± .12 corpora lutea and a decrease of −.008 ± .003 for Table 8 . REML estimates of correlations among ovulation rate, number of fetuses at 50 d of gestation, and embryonal survival rate, and between these traits and other traits using data from all available pigs embryonal survival rate (Figure 1 ). Number of fetuses increased at a rate of .35 ± .06 per generation. Changes in the indexes and component traits tended to be greater from Generations 5 to 11 than from Generations 0 to 5 (Table 10) .
Estimated breeding values during the 14 generations of selection increased in Line I relative to Line C at a rate of .21 ± .04 fully formed pigs per generation. This increase was composed approximately equally of an increase of .10 ± .04 live pigs and .12 ± .03 stillborn pigs (Figures 2 and 3) . Response in litter birth weight was not significant because average birth weight of pigs declined as number of pigs increased in Line I.
Response in fully formed pigs for Line I was estimated to be .75 ± .31 pigs during Generations 0 to 5, 1.37 ± .34 pigs during Generations 5 to 11, and 1.21 ± .34 pigs from Generations 11 to 14 (Table 10) .
Responses in number born alive were .25 ± .32 and .58 ± .35 pigs during selection for Index 1 and Index 2, respectively, whereas the response was .99 ± .34 pigs during Generations 12 to 14 when direct selection for litter size was practiced. Estimated breeding value for number of stillborn pigs increased .40 ± .19 pigs from Generations 0 to 5, and number of mummified pigs increased by .38 ± .14 pigs. The increase in number of stillborn pigs from selection for Index 2 (.81 ± .21) was greater than the increase from selection for Index 1, but the increase in number of mummified pigs was less (.16 ± .15). During Generations 12 to 14, estimated breeding value for stillborns in Line I relative to Line C increased .47 ± .20 pigs, but number of mummified pigs declined −.19 ± .14 pigs.
The average response in breeding value for number weaned was −.046 ± .015 pigs per generation (Table  9) , which was negative, but not significant ( P > .10), during each phase of the experiment (Table 10, Figure  4 ). Neither regression on generation nor change in total weaning weight during each phase was significant. Table 9 . Coefficients (b) and SE for regression of mean estimated breeding values on generation by trait and line a OR = ovulation rate; F = number of fetuses; ES = embryonal survival rate; I 1 = index 1; I 2 = index 2; TB = total born per litter; NBA = number born alive; SB = number of stillborn pigs; MUM = number of mummified pigs; LBW = litter birth weight, NW = number weaned; WW = litter weaning weight, kg.
† P < .10. *P < .05. **P < .01. 
Discussion
When this experiment began, several studies with mice had been successful for improving litter size with direct selection (see reviews in Bakker et al., 1976 and Joakimsen and Baker, 1977) . Reports of only one similar selection experiment in pigs were available (Ollivier and Bolet, 1981; Ollivier, 1982) . Results in pigs were not the same as those in mice. Little change occurred after 11 generations of selection in pigs (Bolet et al., 1989) . Other studies found that selection for ovulation rate was successful in mice and pigs, but Table 10 . Contrasts between generation mean EBV for pairs of generations a OR = ovulation rate; F = number of fetuses; ES = embryonal survival rate; I 1 = index 1; I 2 = index 2; TB = total born per litter; NBA = number born alive; SB = number of stillborn pigs; MUM = number of mummified pigs; LBW = litter birth weight, kg; NW = number weaned; WW = litter weaning weight, kg.
† P < .10. *P < .05. **P < .01. increases in litter size relative to ovulation rate were small (Bradford, 1979; Cunningham et al., 1979) . However, Bradford (1969) demonstrated genetic variation in prenatal survival in mice. He selected for increased ovulation rate in one line and increased prenatal survival, the ratio of normal fetuses in late gestation to ovulation rate (the ratio weighted by number of fetuses), in another line. Improvement in component traits in each line occurred, but significant increase in litter size occurred only in the line selected for prenatal survival.
Results of the experiments in mice and pigs led us to initiate index selection for OR and embryonal survival. The index was designed to maximize response in litter size (Johnson et al., 1984) . It was constructed based on results of selection for increased OR in the Nebraska Gene Pool population (Zimmerman and Cunningham, 1975; Cunningham et al., 1979) . Responses were predicted for a population of the same size using the same selection method as in the experiment reported herein.
Predicted response was .29 pigs per generation, with responses in component traits of .78 oocytes and −.019 for embryonal survival rate. The observed response based on estimated breeding values over 11 generations in Line I as a deviation from Line C in number of fetuses at 50 d gestation (.348 ± .055 fetuses) was greater than predicted. However, the response per generation in estimated breeding values in Line I was .295 ± .039 fetuses, almost exactly equal to predicted response. Agreement between observed and predicted response in litter size was reasonably close, even though observed response in OR (.673 ± .116 oocytes) and embryonal survival rate ( −.008 ± .003) were 86% and 42%, respectively, of predicted values.
Observed response in total born per litter (.212 ± .043 pigs, deviated from Line C, or .216 ± .031 pigs, directly in Line I ) was less than the predicted response because the estimated genetic correlation between number of fetuses at 50 d of gestation and total number born was .85. Johnson et al. (1984) assumed this value to be close to one based on data available indicating that most prenatal death had occurred by 50 d of gestation. However, Christenson et al. (1987) used unilateral hysterectomy-ovariectomy to increase number of fetuses in one uterine horn and found significant fetal death late in gestation. Increased fetal deaths after 50 d of gestation with selection for Index 1 was evident at Generation 5 because Line I had .377 ± .135 more mummified pigs than Line C (Table 10) . Number of mummified pigs continued to increase, although not significantly, with selection for Index 2 and then declined during Generations 11 to 14 with direct selection for litter size. The decline in number of mummified pigs during direct selection for litter size was not significant but is in agreement with Gama and Johnson (1993) , who found that approximately 25% of the increase in litter size with selection for litter size in a line previously selected for increased OR was explained by a reduction in number of mummified pigs.
The selection index was modified at Generation 5 because optimum weights on component traits depend on means (Johnson et al., 1984) . Ovulation rate increased and embryonal survival decreased during the first five generations (Neal et al., 1989) . Greater response from the updated selection index was predicted. Responses per generation in all traits at 50 d of gestation and birth, except number of mummified pigs per litter, as measured by differences in mean breeding value between last and first generation, were greater during Generations 6 to 11 than Generations 1 to 5. The differences were not significant but ranged from an 8% greater rate of decrease in embryonal survival to a 99% increase in number born alive. Changing the index most probably had little effect on realized responses. The REML estimate of the genetic correlation between Index 1 and Index 2 was .99. Thus, the indexes were essentially the same trait genetically. Greater responses with selection for Index 2 can be attributed to larger selection differentials, due mainly to an increase in variation of ovulation rate.
Comparison of realized response in litter size using index selection with response using direct selection for litter size was not possible because it would require a contemporary line selected for litter size. However, because the index was expected to cause greater These calculations led to the conclusion that response in litter size in this experiment was approximately equal to what was expected with direct selection for litter size. The only experiment that has compared index selection for OR and prenatal survival (pups born/ovulation rate) with direct selection for litter size has been with mice. Although the difference was not significant, response in number born at Generation 13 was greater in the index line (Gion et al., 1990) , and the increase was similar to the 25% increase over direct selection for number born predicted from base generation parameters . However, response after 21 generations was greater in the line directly selected for litter size; again, the line differences were not significant (Kochera Kirby and Nielsen, 1993) . The authors postulated that less response occurred in the index line because the index constructed with base generation means was not changed during the experiment and, therefore, was not optimum during later generations. However, results of that experiment and the current one seem to indicate little difference in realized response in litter size between index selection and direct selection.
Although it is useful to make comparisons between the index selection experiment in mice and our experiment, it is difficult to precisely interpret the results regarding the relative merits of index selection to increase litter size. We measured traits to 50 d of gestation and did not have a contemporary line selected for litter size. The experiment with mice had an appropriate design, but means changed due to selection and the index was not adjusted accordingly. The experimental evidence is not sufficient to completely discard the theory on which this experiment was based.
Perez-Enciso and Bidanel (1997) gave a possible explanation for similar response between index and litter size selection. They developed formulas for relative selection weight ( w ) on prenatal survival (PS = LS/OR) and ovulation rate (OR) when litter size ( L S ) is the goal with index selection and direct selection. The relative weight for index selection is as follows:
where the subscript g denotes a genetic covariance; all other covariances and variances are phenotypic. The relative weight when selection is for LS is m OR /m PS . Substituting ES for PS, as measured in this experiment, the calculated relative weight for index selection, assuming no change in parameters, was 23.0 during the first 11 generations, whereas relative weights from LS selection in Generations 0, 5, and 11 derived from least squares estimates of base generation means and predicted responses in component traits were calculated to be 19.3, 26.6, and 35.0. Relative to direct selection, the index placed similar weight on component traits and those expected from direct selection. However, direct selection for litter size during Generations 11 to 14 placed increased weight on PS, presumably due to the large response in OR during index selection. Bennett and Leymaster (1989) described a model for litter size based on OR, potential embryonal viability, and uterine capacity ( UC) . Uterine capacity was assumed to be the maximum number of fetuses a dam can carry to term. Their equations relating means and standard deviations of litter size and prenatal survival to mean OR and UC with estimated responses in Line I were used to predict changes in UC. The mean OR for the base generation was taken to be the unweighted average for Line I in Generation 0 plus all generations of Line C data (13.79 ova). Base mean for total born was the average of Line I in Generation −1 and all generations of Line C data for gilts without laparotomy (9.69 pigs). Prenatal survival was calculated to be the ratio of mean total born to mean OR. Line I means for different generations were calculated as base generation means plus the estimated change in breeding values in Line I during each phase.
Based on these calculations, UC was 10.05 pigs in the base population. It increased to 10.5 pigs with Table 11 . Predicted means and standard deviations by generation in Line I for ovulation rate (OR), total born (TB), uterine capacity (UC), and prenatal survival (PS) using equations of Bennett and Leymaster (1989) selection for Index 1 (Table 11) . Then, as the index placed more emphasis on embryonal survival with increased OR, predicted UC increased to 11.75 pigs at Generation 11 and 13.1 pigs at Generation 14. The model predicted an increase in the standard deviation of total born with selection. The observed standard deviation of litter size was 97% of that predicted in the base population and increased with selection but in later generations was only 72 to 83% of the predicted standard deviation. The model predicted standard deviations of UC that ranged from 3.53 to 4.6, values similar to that of 4.2 pigs assumed by Bennett and Leymaster (1989) . Response in total born in Line I (3.37 pigs by this method) was predicted to be due jointly to increases in OR and UC, approximately 7.9 oocytes and three pigs, respectively. These calculations indicate that genetic variation in UC was at least partially expressed in the measure of embryonal survival at 50 d gestation. Because number of mummified pigs increased with index selection, embryonal survival to 50 d of gestation did not measure full expression of UC. No procedure was found to calculate a correlation between embryonal survival at d 50 with UC. However, the observed genetic correlation between number of fetuses and total born indicates a strong, but less than perfect, association.
Reliable estimates of mean OR and UC are needed to predict responses in litter size and prenatal survival with the OR − UC model (Bennett and Leymaster, 1990a,b) . When means of OR and UC are unbalanced, litter size selection places most emphasis on the limiting trait. Responses in component traits depend on whether OR and UC are in balance or whether mean OR is high, similar, or low relative to UC. Based on their definition of balance (OR − UC = .68), the base population used in this experiment was out of balance (OR − UC = 3.74) and became more unbalanced with index selection as OR exceeded UC by 8.7 at Generation 11. Bennett and Leymaster (1990b) predicted 13% greater response from selection on an index of OR and UC than from an index of OR and embryonal survival and 27% greater response than from direct selection for litter size. Using results of selection in mice for an index of OR and prenatal survival, or selection for either UC or litter size, Ribeiro et al. (1997) predicted responses for various selection criteria. In close agreement with predicted responses in pigs, litter size response from selection for an index of OR and UC was approximately 10% greater than from index of OR and prenatal survival and 24% greater than direct selection. Based on the work in mice and pigs, greater response from selection on index of OR and UC than from the indexes used in this experiment is predicted, but a very large experiment is needed to determine that realized differences or lack of differences are not due to genetic drift (Perez-Enciso and Bidanel, 1997).
The incidence of gilts with extreme numbers of corpora lutea in this experiment caused variance of OR to be greater than values found in other experiments. For example, phenotypic standard deviations of 2.6 oocytes (Johnson et al., 1984) and 2.4 oocytes (Haley and Lee, 1992) are typical of literature values, compared with the REML estimate of 5.2 for this experiment. Even though the heritability estimate of OR was .24, compared to a realized heritability of .46 (Cunningham et al., 1979) and the REML estimate of .31 found by Haley and Lee (1992) , genetic variance was approximately twice that found in other experiments.
The incidence of gilts with extreme OR may have contributed to the large, negative correlations of OR with embryonal survival ( r g = −.86, r p = −.47). Phenotypic correlations in pigs of −.42 (Johnson et al., 1984) and −.32 (Christenson et al., 1987) have been reported. The simulated phenotypic correlation by Bennett and Leymaster (1989) was −.22 with simulated genetic correlations of −.40 and −.36 for heritability of UC of .15 and .20, respectively. Genetic correlations of −.75 (Johnson et al., 1984) and −.56 (Neal et al., 1989) have been reported.
This experiment provides strong evidence that embryonal survival has a genetic component and that it is positively correlated with litter size. In a smaller data set with British Large White pigs, Haley and Lee (1992) found much different results. Heritability of prenatal survival was zero and thus their estimated genetic correlation of OR with litter size was close to unity. We found both OR ( r g = .24) and embryonal survival ( r g = .36) to be correlated with total born per litter. Heritability of prenatal survival in mice estimated from simulated data was .06 (Ribeiro et al., 1997) . Bennett and Leymaster (1989) estimated values of .08 and .11 in simulated data. Bolet et al. (1994) reported estimates of genetic correlations in rabbits of .11 to .18 between embryonal and total prenatal survival.
Estimates of heritability of litter size in pigs are approximately .10 (Haley et al., 1988) . Estimates found here, .16 for total born and .17 for number of pigs born alive, were considerably greater. Number of stillborn and mummified pigs per litter also had genetic components with heritabilities of .17 and .13, respectively. Unfortunately, both traits were positively correlated with components of litter size. Number of stillborn pigs especially increased with selection for increased total number born. As a result, only approximately 50% of the increase in total born was in live pigs. Comparable relationships in the literature between OR and number of fetuses with stillborn and mummified pigs were not found. The undesirable correlated response in number of stillborn pigs indicates that the measurement of UC or prenatal survival should be based on number of live pigs at birth.
Greater genetic variation in litter size traits may be due to the selection response in OR. As OR increased, UC increasingly became the limiting variable for litter size. Measures of litter size then became measures of effects of UC on fetal survival rate, especially of those effects in late gestation. The indexes used did not exploit genetic variation for effects of UC on fetal mortality after 50 d of gestation. Selecting on component traits of litter size probably would have been more effective if OR and prenatal survival or a measure of UC to term had been used.
Two important findings in this study are the correlated responses in Line I of increased number of stillborn pigs and decreased number weaned. Increased incidence of stillborn pigs seems partly related to birth weight. Averaged over generations, birth weight of live pigs averaged 1.12 kg in Line I and 1.24 kg in Line C ( P < .01). Average birth weight of stillborn pigs was significantly less than weight of live pigs in both Lines I and C (.23 and .19 kg, respectively) . This difference in birth weight between live and stillborn pigs remained consistent throughout the experiment. Average birth weight tended to decline in Line I with selection for larger litters. Although not significant, response in total birth weight was very similar to response in total born per litter (Figure 2 ). There were more small pigs in Line I and more of them were stillborn. This result is consistent with negative genetic and phenotypic correlations between litter size and birth weight in pigs (Young et al., 1977 (Young et al., , 1978 . However, van Engelen et al. (1995) did not find correlated decreases in mean pup weight in mice with selection for three criteria, index of ovulation rate and ova success, litter size, or uterine capacity, all of which caused an increase in litter size. Phenotypic regressions for individual pup weight and within-litter standard deviation of pup weight on number born were small but negative and significant. Other factors, such as time from beginning to end of parturition, which may be longer in large litters, also may be involved in the increase in number of stillborn pigs.
Decreased weight of live pigs might have contributed to greater preweaning mortality in Line I. Although cross-fostering was practiced, Line I sows frequently nursed only Line I pigs, because more often than not pigs were transferred from Line I sows to sows of another line. If birth weight was related to viability, more deaths of Line I pigs were expected. Survival rate from birth to weaning was analyzed including the genetic effect of the pig and of its nurse dam. Direct heritability, that due to genes of the pig, was 3%, whereas maternal heritability, that due to genes of the nurse dam, was 7%. The trends in breeding values in Line I were not significant but were negative for both direct and maternal effects. The combination of decreased genetic value for both direct and maternal effects on pig survival caused the significant negative trend in number weaned. Selection did not significantly affect maternal effect on milk production as measured by litter weaning weight.
Inbreeding increased in both lines during the experiment, but the increase was greater in Line I. Mean inbreeding in Generation 14 was .18 (range from .15 to .26) in Line I and .12 (range from .09 to .17) in Line C. Increased inbreeding of both dam and pig are known to decrease pig viability. Therefore, the decrease in pig survival to weaning and decrease in number weaned in Line I were likely related to both decreased birth weight and to increased inbreeding.
Implications
Litter size and its component traits, ovulation rate and embryonal survival, are heritable and will respond to selection. Response in litter size from selection on an index of ovulation rate and embryonal survival (or prenatal survival) is expected to be approximately equal to that from direct selection for litter size. Because number of mummified and stillborn pigs increased with increased litter size, selection criteria to increase litter size should include number and, perhaps, weight of live pigs.
